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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
TECHNICAL NOTE D-312 
EFFECTS OF FIXING BOUNDARY-LAYER TRANSITION FOR A SWEPT- 
AND A TRIANGULAR-WING AND BODY COMBINATION 
AT MACH NUMBERS FROM 0.60 TO 1.40 
By Louis S. Stivers, Jr. 
The aerodynamic effects of fixing boundary-layer transition for a 
swept- and a triangular-wing configuration have been determined from 
tests of two small-scale wing-body models. The wings had an aspect ratio 
of 2.99 and 3-percent-thick biconvex sections. Lift, pitching-moment, 
and drag data were obtained at Mach numbers ranging from 0.60 to 1.40 for 
angles of attack between -2' and about 15'. 
tests was generally 1.5 million; however, minimum drag measurements were 
made for both models over a range of Reynolds numbers from 1.0 million 
to about 3.0 or 4.0 million. 
The Reynolds number of the 
The effects of fixing transition for the swept- and triangular-wing 
configurations were generally insignificant, although for both configura- 
tions small reductions in the variations of pitching-moment curve slope 
with Mach number were observed at zero lift for the higher subsonic Mach 
numbers. Since very pronounced effects of fixing transition have been 
observed for an unswept-wing configuration (reported in NACA TN 4228), 
it is apparent that significant effects of fixing transition at transonic 
Mach numbers are to be expected only f o r  wings having little or no sweep. 
The relatively large increments of minimum drag coefficient due to 
fixing transition for both configurations at Reynolds numbers of about 
1.0 million were substantially reduced as the Reynolds number was increased 
to about 3.0 or 4.0 million. 
effects of Reynolds number indicated that the measured minimum drag coef- 
ficients could be extrapolated to full-scale Reynolds numbers much more 
reliably when transition was fixed on the models than when left free. 
A comparison of calculated and measured 
INTRODUCTION 
& 
b . In the investigation reported in reference 1 it was found that the pitching-moment and lift-curve slopes of a small-scale, unswept-wing 
configuration differed significantly at transonic Mach numbers, depending 
on whether the boundary-layer transition was left free or was fixed in a 
2 
forward locat ion.  
a i r c r a f t  i s  not l i k e l y  t o  be r e l a t i v e l y  as far rearward as t h a t  on the  
scale  model at low Reynolds numbers, it i s  apparent, then, t h a t  f o r  t e s t s  
of unswept-wing models a t  transonic Mach numbers, t r a n s i t i o n  should be 
f ixed  a t  a loca t ion  corresponding t o  t h a t  expected i n  f l i g h t .  
Since the  loca t ion  of f r ee  t r a n s i t i o n  on the  fu l l - s ca l e  k 
# 
I 
I n  view of these r e s u l t s ,  a similar invest igat ion has been conducted 
f o r  both a swept- and a triangular-wing configuration. The models f o r  
both configurations had wings with the  same a i r f o i l  sect ion (3 percent 
th ick  biconvex) and e s sen t i a l ly  t h e  same aspect r a t i o  (2.99) as the  wing 
of the  unswept-wing model. The swept w i n g  a l s o  had p rac t i ca l ly  t h e  same 
taper  r a t i o  (0.40) 'as did  the  unswept wing. 
results of t he  invest igat ion of the  swept- and triangular-wing 
configurations. 
This repor t  presents  the  
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APPARATUS AND TESTS 
Models 
The configurations of t he  swept- and triangular-wing models used i n  
the  present t e s t s  a r e  shown i n  f igure  1 together with per t inent  geometric 
information. 
biconvex sect ions and were f ixed  on the body a t  zero incidence with no 
dihedral.  
Ehch model was constructed of s t e e l .  The wing panels had 
Wansi t ion was f ixed  on the  models by means of a 0.004-inch-diameter 
wire a t tached t o  the  model surfaces by means of c l ea r  lacquer.  
body a t r a n s i t i o n  wire r ing  w a s  located a t  a s t a t i o n  1.33 inches from the 
apex of t h e  body nose. 
on the  upper and lower surfaces along the 15-percent chord l i n e s .  
On the  
On both wings the t r a n s i t i o n  wires were located 
Wind Tunnel and Model Support 
The present invest igat ion was conducted i n  the  he r ;  2- by 2-Foot 
Transonic Wind Tunnel, which has a f lex ib le  nozzle and porous tes t - sec t ion  
walls t h a t  permit continuous operation t o  a Mach number as high as 1 . 4  
and provide choke-free flow i n  the  t e s t  sec t ion  throughout the  transonic 
bkch number range. 
the  operational range of Mach numbers by cont ro l l ing  the stagnation 
pressure within t h e  tunnel .  
Constant Reynolds number can be maintained throughout 
. 
The models were mounted on a sting-supported flexure-type balance 
which was enclosed within the  model bodies. 
e lec t r ica l - res i s tance  s t r a i n  gages t o  measure the  forces  and moments on 
the  models. 
The balance employed 
Tests 
L i f t ,  pitching-moment, and drag data w e r e  obtained f o r  both models 
a t  20 Mach numbers ranging from 0.60 t o  1.40 and f o r  angles of a t t ack  
ranging from -2' t o  approximately l 5 O .  The Reynolds number of these data  
was held constant a t  a value of 1.5 million, based on the  wing mean aero- 
dynamic chord, except f o r  some of the  t e s t  po in ts  a t  the  higher Mach 
numbers. For these poin ts  e i t h e r  t he  loads on the  balance or t he  power 
supplied t o  the  wind-tunnel dr ive motors reached l imit ing values, and the  
Reynolds number was  reduced t o  1.0 million. Further t e s t s  were made i n  
which the  minimum drag of each model was measured f o r  Mach numbers varying 
from 0.60 t o  1.40 a t  a constant Reynolds number of 1.5 mill ion,  and for 
Reynolds numbers varying from 1.0 mill ion t o  about 3.0 or 4.0 mil l ion at 
a constant Mach number of 0.60. 
i 
Y 
u 
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The measurements were made with the  models i n  the  f r ee -  and fixed- 
t r ans i t i on  conditions. The v isua l iza t ion  technique described i n  r e fe r -  
ence 2 was used i n  b r i e f  t e s t s  t o  determine the  locat ions of na tura l  
t r ans i t i on  on the  models f o r  representat ive %ch numbers and incidences, 
and t o  determine the effect iveness  of the  wires i n  producing t r ans i t i on .  
CORRECTIONS ATXD PRECISION 
No wall-interference correct ions have been applied t o  the  data  of 
t h i s  report .  A n  evaluation of porous-wall interference i n  the  Ames 2- by 
2-Foot Transonic Wind Tunnel, reported i n  reference 1, has indicated t h a t  
the  interference i s  generally small f o r  an unswept-wing model which w a s  
the  same s ize  as the models of t he  present invest igat ion.  Accordingly, 
the  w a l l  corrections t o  the  present data  a r e  believed t o  be small a l s o .  
Several other f ac to r s  which could have influenced the  data  have been 
considered and have been dea l t  with i n  various ways. 
corrections were ins igni f icant  and a re  not included i n  the  da ta .  
a x i a l  forces measured by the  i n t e r n a l  balance have been adjusted t o  
correspond t o  a condition of free-stream s t a t i c  pressure a t  the  base of 
the  body . 
Stream-angularity 
The 
The drag coef f ic ien ts  measured with t r a n s i t i o n  f ixed have not been 
corrected f o r  t he  pressure drag due t o  the  wires.  
could not be determined from t e s t s  of the  model with and without the  
wires.  It was approximated, however, by the  procedure described i n  
reference 1, which consis ts  e s sen t i a l ly  of estimating the  pressures on 
both the upstream and downstream s ides  of the wires from measurements 
of pressures on forward and rearward facing s teps .  For a wire on the  
body nose and on both surfaces of the  wing the  estimated pressure-drag 
coeff ic ients  varied over the  t e s t  range of Mach numbers from 0.0004 t o  
0.0006 for the swept-wing model and from 0.0004 t o  0.0005 f o r  t he  
triangular-wing model. 
This pressure drag 
I n  addi t ion t o  any systematic e r ro r s  which may be introduced by the  
corrections t h a t  have been neglected, the  t e s t  data  a re  subject t o  random 
e r ro r s  of  measurement ‘ (or  deviations f rom the  most probable values) which 
influence the  r e l i a b i l i t y  of the  data .  The mean square e r ro r s  or standard 
deviations i n  the  Mach numbers, angles of a t tack ,  Reynolds numbers, and 
i n  t h e  l i f t ,  pitching-moment, and drag coeff ic ients  reported herein have 
been evaluated by the  methods of reference 3. Representative values a re  
given i n  the  following t ab le :  
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RESULTS AND DISCUSSION 
Basic Data 
a = 6O 
+o .002 
2 .03 0 
k . 0%1O6 
k .005 
2 .006 
2 .0010 
The basic  l i f t ,  pitching-moment, and drag data f o r  10 of the  20 Mach 
numbers of the  invest igat ion a re  presented f o r  the swept- and t r iangular -  
wing models i n  f igures  2 and 3, respectively.  The remainder of t he  bas ic  
data  i s  on f i l e  a t  the  Ames Research Center of the  NASA and can be obtained 
upon request .  No pronounced e f f e c t s  of  f ix ing  t r a n s i t i o n  a r e  indicated 
by the  data of f igu res  2 and 3 except f o r  the  expected increases i n  drag 
coef f ic ien t .  I n  general, t h e  data  appear t o  be typ ica l  f o r  t he  pa r t i cu la r  
configurations,  except f o r  t he  abrupt jogs f o r  the  triangular-wing model 
evident i n  f igure  3 f o r  subsonic Mach numbers, and espec ia l ly  f o r  Mach 
numbers f rom 0.90 t o  0.98. 
I n  t h e  course cf checking the  va l id i ty  of the jogs, the  present data 
were compared with t rans i t ion- f ree  data reported i n  reference 4, which 
includes data  f o r  two models ident ica l  i n  every respect t o  the  models of 
t h i s  report  except t h a t  NACA 0003 wing sect ions were employed ins tead  of 
biconvex sect ions.  
moment, and drag data  f o r  t h e  triangular-wing model of reference 4, 
although i n  other respects  the data  were nearly the  same as those f o r  t he  
triangular-wing model of t h i s  repor t .  A search, however, of other 
published data  ( r e f s .  5 t o  12) disclosed jogs i n  the  aerodynamic charac- 
t e r i s t i c s  of other triangular-wing configurations having e i t h e r  sharp or 
rounded leading edges and, furthermore, indicated t h a t  the  occurrence of 
the jogs i s  influenced by the  wing leading-edge contour ( radius ,  thickness 
r a t i o  of the  wing, and camber) and by the  amount of leading-edge sweep. 
I n  addi t ion a check of the  reduction of t he  present data  from the  balance 
readings showed t h a t  t he  jogs a r e  not due t o  computational e r r o r s  bu t  stem 
d i r e c t l y  from the balance readings. Accordingly, t he  jogs a re  considered 
t o  be va l id  aerodynamic charac te r i s t ics  of the  present t r iangular  w i n g ,  
and the  discrepancies between the  data of reference 4 and t h e  present 
invest igat ion a re  a t t r i bu ted  t o  the difference i n  the  sect ion p r o f i l e  of 
the  two w i n g s  (NACA 0003 a i r f o i l  section vs. biconvex). 
No abrupt jogs were evident i n  the l i f t ,  pitching- 
6 
t As a matter of i n t e r e s t ,  a comparison of t he  t rans i t ion- f ree  data  
f o r  the 4 5 O  swept wing of reference 4 with the  corresponding da ta  of t he  
present report  showed t h a t  t he  l i f t  cha rac t e r i s t i c s  were e s sen t i a l ly  the  
same f o r  the  t w o  models, but the  pitching-moment coef f ic ien ts  f o r  a 
constant l i f t  were somewhat more negative f o r  the  present model with 
biconvex sect ions.  
swept-wing configuration. 
No drag data were presented i n  reference 4 f o r  the  
Lif t  and Pitching-Moment Curve Slopes 
Variations of the l i f t  and pitching-moment curve slopes with Mach 
number as affected by f ix ing  t r a n s i t i o n  a re  shown i n  f igures  4 and 5 f o r  
the swept- and triangular-wing models, respect ively.  
have been used i n  the  preparation of these f igu res . )  
e f f ec t  of f ix ing  t r a n s i t i o n  f o r  both models i s  the  s l i g h t  reduction i n  
the  magnitude of the var ia t ions  of pitching-moment curve slope with Mach 
number a t  zero l i f t  f o r  subsonic Mach numbers grea te r  than about 0.7 or 
0.8. This r e s u l t  i s  i n  contrast  with those found for the  unswept-wing 
model i n  reference 1. For t h i s  model la rge  e f f e c t s  of f ix ing  t r a n s i t i o n  
were generally observed f o r  both the  l i f t  and pitching-moment curve slopes 
a t  subsonic and transonic Mach numbers, and abrupt changes i n  the  l i f t  
and pitching-moment curve slopes were smoothed out considerably f o r  t he  
f ixed-transi t ion condition. It appears, then, t h a t  s ign i f icant  e f f e c t s  
of f ixing t r a n s i t i o n  with regard t o  the  l i f t  and pitching-moment curve 
slopes would be confined t o  wing plan forms with l i t t l e  or no sweep. 
( A l l  t he  bas ic  data  
The only s igni f icant  
Minimum Drag Character is t ics  
The var ia t ions  of minimum drag coef f ic ien t  with Mach number and 
Reynolds number a re  presented i n  f igure  6 f o r  the  swept- and triangular- 
wing models i n  both the  fixed- and f r ee - t r ans i t i on  conditions. Also 
shown i n  t h i s  f igure  a re  calculated curves of minimum drag coef f ic ien t  as 
a function of Reynolds number f o r  each model with completely turbulent  
and completely laminar boundary layers .  These calculated drag coef f ic ien ts  
were determined from f l a t -p l a t e  incompressible-flow sk in- f r ic t ion  coef- 
f i c i e n t s  which were considered t o  a c t  over the  wetted areas  of the  models. 
For the turbulent boundary layer, sk in- f r ic t ion  coef f ic ien ts  from re fe r -  
ence 1 3  were employed, which w e r e  corrected t o  a Mach number of 0.60 by 
the  data of reference 14. 
number correction w a s  made. 
For the  laminar boundary layer  the  sk in- f r ic t ion  
coeff ic ients  were obtained from the  expression 1.328R-1’2, and no Mach J 
It i s  evident i n  f igures  6(a)  and (b)  t h a t  f i x ing  the  t r a n s i t i o n  * 
produced a nearly un i fo rm increment i n  minimum drag coeff ic ient  over the  
range of Mach numbers from 0.60 t o  1.40 f o r  each model. 
tudes of the  increments f o r  the two models a re  e s sen t i a l ly  the same. 
Also, the  magni- 
7 
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These magnitudes, however, a r e  not t o  be expected at fu l l - sca l e  Reynolds 
numbers, since i n  f igures  6 (c )  and (d) it i s  noted t h a t  t he  magnitude of 
the  increments decreases substant ia l ly  f o r  each model as Reynolds number 
i s  increased t o  the highest values shown. This decrease i s  due l a rge ly  
t o  the apparent forward movement o f  the loca t ion  of natural t r a n s i t i o n  on 
the models as Reynolds number i s  increased from 1.0 mil l ion t o  about 3.0 
or 4.0 mil l ion.  Such a forward movement i s  indicated by the  t rend of the 
t r ans i t i on - f r ee  data r e l a t i v e  t o  the calculated data  f o r  turbulent  and 
laminar boundary l aye r s .  
e f f e c t s  of Reynolds number on the  measured drag coef f ic ien ts  f o r  each 
model c lose ly  approximated by the  appropriate calculated values. This 
indica tes ,  as a r e s u l t ,  t h a t  the present minimum drag data could be 
extrapolated t o  fu l l - s ca l e  values much more r e l i a b l y  when the  t r a n s i t i o n  
i s  f ixed  r a the r  than l e f t  f r ee .  
f i c i e n t  a r e  i d e n t i c a l  with those noted i n  reference 1 f o r  the  unswept- 
wing model and, therefore ,  axe appaxently unaffected by changes i n  wing 
plan form. 
Only f o r  the f ixed- t rans i t ion  case a r e  the  
These r e s u l t s  f o r  the minimum drag coef- 
Transi t ion Character is t ics  of the  W i n g s  
. 
The b r i e f  t e s t s  conducted throughout the  Mach number range from 0.60 
t o  1.40 t o  examine v i sua l ly  the boundary-layer cha rac t e r i s t i c s  on the  
wings indicated that naturalboundary-layer t r a n s i t i o n  did not occw on 
e i t h e r  wing at zero incidence. A s  l i t t l e  as about lo incidence, however, 
was general ly  su f f i c i en t  t o  produce t r a n s i t i o n  e s sen t i a l ly  a t  the leading 
edge on the  upper surface of e i t h e r  wing. For fu r the r  increases i n  
incidence, t r a n s i t i o n  remained at the leading edge of e i t h e r  wing, with 
the  following exceptions: f o r  the swept wing, a t  incidences from 4' t o  
10' f o r  a Mach number of 1.20 and a t  about 2' t o  14O f o r  a Mach number of 
1.40; and f o r  the  triangular w i n g ,  f r o m  4' t o  loo  f o r  a Mach number of 
1.40. A t  the  excepted incidences and Mach numbers f o r  both wings, the  
flow expanded over the  leading edge and t r a n s i t i o n  on the upper surface 
was then delayed u n t i l  the  flow reached the  oblique waves from the  w i n g -  
body juncture.  
On the lower surface of e i t h e r  wing, at 1' incidence, t r a n s i t i o n  
occurred a t  about the  90- t o  100-percent chord pos i t ion .  A s  the incidence 
was increased t o  about 5 O ,  t r a n s i t i o n  moved upstream on each wing along 
a l i n e  roughly p a r a l l e l  t o  the leading edge, t o  a loca t ion  approximately 
25 or 30 percent of the root  chord downstream of the  leading edge. 
fu r the r  change i n  the locat ion of t r a n s i t i o n  was apparent as the  angle of 
a t tack  was increased from about 5 O  t o  14O. 
surface were general ly  unaffected by Mach number between the limits of 
0.60 and 1.40. 
No 
These r e s u l t s  f o r  the  lower 
For the  f ixed- t rans i t ion  condition, t e s t s  throughout the  Mach number 
range indicated t h a t  the wires were e f fec t ive  i n  causing t r a n s i t i o n  on 
8 
t both upper and lower surfaces of the  wings a t  low angles of a t t ack .  
Except where natural t r a n s i t i o n  had already occurred upstream of t he  wires, 
t r ans i t i on  w a s  induced some 10 wire diameters downstream of the  wire 
location. 
The foregoing r e s u l t s  provide an  explanation f o r  t he  generally s m a l l  
e f fec ts  of f ix ing  t r a n s i t i o n  f o r  the  swept- and triangular-wing models. 
Except f o r  incidences less than about lo, natural t r a n s i t i o n  on the  upper 
surfaces of the  wings was located so near t he  leading edge t h a t  a l l  or 
essent ia l ly  a l l  of the  flow was turbulent  before reaching the  t r a n s i t i o n  
w i r e s .  Accordingly, the  wires served very l i t t l e  purpose on the  upper 
surfaces of the wings. 
primarily from corresponding changes i n  the  cha rac t e r i s t i c s  of t h e  flow 
over the upper surfaces,  it i s  apparent t h a t  f o r  t he  present swept and 
t r iangular  wings such e f f e c t s  would necessar i ly  be s m a l l .  
Since the  e f f e c t s  of f ix ing  t r a n s i t i o n  a r i s e  
I 
CONCLUDING REMARKS 
The r e s u l t s  of the present invest igat ion a t  transonic Mach numbers 
have indicated t h a t  the aerodynamic e f f e c t s  of f ix ing  boundary-layer 
t r ans i t i on  f o r  t he  small-scale swept- and triangular-wing models, unlike 
t h e  e f fec ts  f o r  the unswept-wing model of NACA TN 4228, were generally 
ins igni f icant .  
curve slopes with Mach number, however, were observed for t he  swept- and 
triangular-wing models a t  zero l i f t  f o r  subsonic Mach numbers greater  
than about 0.7 or 0.8. 
apparently r e s u l t  from the  f a c t  t h a t  the  loca t ion  of natural t r a n s i t i o n  
on the  upper surface of the  wings, except f o r  very small incidences, w a s  
already e i t h e r  close t o  or upstream of the  t r a n s i t i o n  wire. Signif icant  
e f f ec t s  of f ix ing  t r a n s i t i o n  at  transonic Mach numbers a re  apparently 
associated only with wings having l i t t l e  or no sweep. 
c 
Small reductions i n  the  var ia t ions  of the  pitching-moment 
The ins igni f icant  e f f e c t s  due t o  f ix ing  t r a n s i t i o n  
The r e l a t ive ly  la rge  increments of minimum drag coef f ic ien t  resu l t ing  
from f ixing t r a n s i t i o n  on the  swept- and triangular-wing configurations 
at Reynolds numbers of about 1.0 mil l ion were reduced considerably as the  
Reynolds number was increased t o  about 3.0 or 4.0 mil l ion.  A comparable 
reduction i n  the increments of minimum drag coef f ic ien t  with increase i n  
Reynolds number was a l s o  observed f o r  the  unswept-wing configuration of 
NACA TN 4228. The agreement between the  measured and calculated minim& 
drag coefficients as af fec ted  by Reynolds number has indicated t h a t  the  
measured values could be extrapolated t o  fu l l - s ca l e  Reynolds numbers much 
more re l iab ly  when the  t r a n s i t i o n  was f ixed.  
Ames Research Center 
National Aeronautics and Space Administration 
Moffett Field,  C a l i f . ,  Dec. 31, 1959 
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Wing 
Aspect ratio 2 . 9 9  
Taper ratio .40 
Thickness -chord ratio .O 3 
Airfoil section Biconvex 
Area 38.83 sq.in. 
Mean aerodynamic chord 3 . 8 2  in. 
Leading -edge sweepback 4 5" 
Body 
Ordinates given by: 
Where: 
r = local radius 
x = longitudinal distance 
1 = 2 (  xfor  ro)=19.833 in. 
ro = rmoximum ~0 .794 in. 
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(a) Swept -wing model. 
Figure 1.- Geometrical information for the models. 
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Moment center, E14 
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Wing Body 
Ordinates given by: Aspect ratio 2 . 9 9  
Thickness -chord ratio .03 
Toper ratio 0 
c 
Airfoil section 
Area 
Biconvex Where'  
3 9 . 2 3  sq in. 
r = local radius 
r, ' rmox imum ~ 0 . 7 9 4  in. 
x =  longitudinal distance Mean aerodynamic chord 4 . 8 1  in. 
Leading -edge sweepback 53.1" from nose 
a 1 = 2( x for 19.833 in. 
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(b) Triangular-wing model. 
Figure 1.- Concluded. 
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(e) CD vs. CL; subsonic Mach numbers. 
Figure 2.- Continued. 
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( c )  C, vs. CL; subsonic Wch numbers. 
Figure 3.- Continued. 
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(d) C, vs. CL; supersonic Mach numbers. 
Figure 3.- Continued. 
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( e )  CD vs. CL; subsonic Mach numbers. 
Figure 3 .- Continued. 
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Figure 4.- Lift and pitching-moment curve slopes for the swept-wing model. 
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Figure 5.- Lift and pitching-moment curve slopes for the triangular-wing 
model. 
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(a) chin vs. M; swept wing; R = 1.5~106. 
(b) C u n  vs . M; triangular wing; R = 1 .3X106. 
Figure 6.-  Minimum drag characteristics for t he  swept- and triangular- 
w i n g  models. 
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(c )  C m n  vs. R; swept wing; M = 0.60. 
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(a) Cmn vs . R; triangular wing; M = 0.60. 
Figure 6.- Concluded. 
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